Abstract-Two experiments, an active conflict resolution task and a passive situation awareness assessment, were conducted that compared two versions of a constraint-based coplanar airborne separation assistance display. A baseline display showed a maneuver space based on 2-D projections of traffic and performance constraints. A second augmented display also incorporated cutting planes that take the dimension orthogonal to the projection into account, thereby providing a more precise visualization of traffic constraints. Results showed that although pilots performed well with either display, the augmented display scored consistently better in terms of performance, efficiency of conflict resolutions, the amount of errors in the initial resolutions, and the level of situation awareness compared with the baseline display. On the other hand, more losses of separation were found with the augmented display, as pilots tried to maximize the maneuvering efficiency according to the precision with which constraints were visualized.
I. INTRODUCTION

I
N an ongoing study on the design of a 3-D separation assistance interface, a constraint-based coplanar display was proposed that presents constraints on maneuvering in a "velocity action space" that is overlaid on traditional movingmap displays [1] . The coplanar display is a combination of previous single-plane presentations [2] , [3] , with additional visualization of the interactions that exist between these planes. The evaluation of this display is the topic of this paper.
To meet the demands set by current plans for highly automated conflict resolution [4] , [5] , such a self-separation interface should enable pilots to monitor separation, select, and apply resolution advisories, but also judge the functioning of the separation assurance automation. This means that although automation will provide resolutions, pilots will ultimately be responsible for the validity of those resolutions. Several studies argue that this requires transparent and understandable functioning of automation [6] - [9] . The interface should provide a window to the reasoning and functioning of the automation, to ensure proper situation awareness (SA), and to keep pilots "in-the-loop" [10] - [12] .
The constraint-based displays proposed in this study aim to improve the pilots' understanding of automated resolutions, by helping them understand how different elements in the work environment interact, and shape the possibilities for conflict resolution. These data invariably form the premise on which automation bases its actions, and are, therefore, essential when automation functioning needs to be judged.
The focus of an evaluation study of such a display should therefore lie on how the elements of the display affect the pilot's awareness and understanding of the traffic situation. In this study, two experiments are presented to serve this purpose. An active conflict resolution experiment was performed to evaluate how operator performance and behavior are influenced by the visualization. The second experiment consisted of a passive SA assessment, and a questionnaire. The methods that were used to assess SA are also presented in this paper.
In both these experiments, two displays were compared that are very similar, and differ only in the visualization of interactions of constraints. The resulting comparison should illustrate the main addition in the coplanar concept that sets it apart from its 2-D predecessors, i.e., visualization of the interactions that exist between planes of projection. Although the "baseline" display condition will lack certain information compared with the "augmented" coplanar display, there are no other, more equal alternatives to compare the coplanar concept with. Other existing display concepts either only show explicit resolution advisories or show only 1-D constraints, and are, therefore, even less detailed than the baseline condition in this study [13] - [16] . Although some degree of bias is unavoidable in this kind of comparison, the experiments were designed to minimize this effect.
The work presented in this paper will employ this comparison to focus on the effect of the additional interaction visualizations on the performance, behavior, and SA of pilots in the task of airborne self-separation. The following section introduces the coplanar display. Section III discusses the topic of SA measurement methods, and presents the methods that were used in this study. Sections IV-VII describe an active conflict resolution experiment and its results, and a passive SA assessment and its results, respectively. The paper ends with a discussion on the results, and conclusions from the experiments.
2168-2291/$31.00 © 2013 IEEE Fig. 1 . Concept for a coplanar separation assistance display. This figure shows a HSD ( ) and a VSD ( ), with added separation assistance overlays. Relative intruder locations are indicated using TCAS-like symbology ( ). and are the horizontal and vertical SVE, respectively. is the RFA on both on the HSD and the VSD. is the projected forbidden area on both displays. represents the ownship state vector.
II. INTERFACE Fig. 1 illustrates the coplanar display concept that was evaluated in this study. It consists of a concept for a self-separation interface that presents separation-related constraints and relations on a coplanar display. Important elements of the display are numbered in the figure, and will be described in the remainder of this section. This display concept is part of an ongoing study on the design of a 3-D separation assistance interface that uses work-domain analysis tools to identify constraints and relations relevant to the separation task. See [1] and [17] for a more elaborate review of this display and the work-domain analysis, respectively.
In this display concept, the 3-D traffic situation is visualized in two orthogonal, 2-D views: a top-down view ( ), and a side view ( ). Both views present a classical ownship-centered moving map that shows spatial information such as the planned route and the relative positions of other aircraft ( ). In addition, constraints on ownship maneuvering are shown on both displays through velocity action-space 1 overlays ( , ). These overlays are referred to as state-vector envelopes (SVEs) in the remainder of this text.
The horizontal SVE ( ) shows the horizontal maneuver space, in terms of track angle and airspeed. The boundaries of this action space are determined by the aircraft performance limits: The aircraft minimum and maximum operating speeds result in the concentric circular boundaries of the SVE. The vertical SVE ( ) shows a vertical maneuvering space, in terms of airspeed and vertical speed. Similar to the horizontal SVE, the boundaries of the vertical SVE are also determined by aircraft performance limits. The vertical edges of the SVE result from the limits on aircraft airspeed. The curved edge at the top of the vertical SVE visualizes the maximum obtainable steady climb at each velocity. The bottom edge indicates steady descent at idle thrust for each velocity. The area within these envelopes describes all reachable velocity vectors.
Intruder aircraft that are within detection range will reduce the available maneuver space in the horizontal and vertical SVEs.
The reduced forbidden areas (RFAs) ( ) give the most precise representation of these constraints, because they incorporate the influence of the conflict geometry perpendicular to the respective projection plane [1] . On the horizontal situation display (HSD), an RFA gives the constraints imposed by an intruder on ownship track angle and airspeed ( ), for the current value of ownship vertical speed. On the vertical situation display (VSD), an RFA gives intruder-imposed constraints on ownship airspeed and vertical speed ( ), for the current ownship heading. The RFAs result from the intersection between a flat cutting plane and the 3-D forbidden area: a compound of two slanted conical shapes, aligned with the top and bottom of the intruder protected zone. The shapes that result from this intersection range from circles, to ovals, to open-ended hyperbolic curves.
The projected forbidden areas ( ) are shown in combination with the RFAs, and provide several SA-related cues, as well as an outer limit on the shape and size of the RFA, when a flight parameter perpendicular to the corresponding projection plane is modified [1] , [18] .
Conflict urgency is explicitly indicated on the display using intruder symbology similar to the existing traffic collision avoidance (TCAS) system [19] . In addition, conflict urgency is also indicated using color coding for all of the display elements that correspond to one intruder. This means that the aircraft symbols on both displays, as well as the forbidden area triangles and RFAs on both displays are colored according to the urgency of the conflict between ownship and the corresponding intruder.
III. MEASURING SITUATION AWARENESS
The topic of SA has stirred much debate in the past two decades. Several different definitions have been proposed, as well as varying methods aimed at measuring SA. In his review report, Uhlarik provides an extensive comparison of these definitions and methods [20] .
This work will employ Endsley's levels of SA, which are a part of her definition of SA. She proposed that "Situation awareness is the perception of elements in the environment within a volume of time and space, the comprehension of their meaning, and the projection of their status in the near future" [21] .
Endsley's definition differentiates between three levels: The first level of SA describes the perception of the status, attributes, and dynamics of relevant elements in the environment. The second level is the comprehension of the significance of the level 1 elements on the operator goals. The ability to project the future state of the elements in the environment forms the third level of SA.
Although Uhlarik argues that the use of Endsley's model to describe SA has its limitations [20] , the distinction between levels of SA is very valuable when assessing to what extent pilots utilize higher level information on the display, and how they relate this information to functional goals. As suggested by Flach, these levels of SA will therefore be used to categorize observed behavior in the experiment, rather than using an SA model to explain behavior [20] , [22] .
Most studies differentiate between three main categories of SA measurement methods: explicit methods, implicit methods, and subjective methods [20] . Explicit methods require subjects to report relevant parameters from memory, implicit methods infer level of SA from performance measures, and subjective methods ask subjects to self-rate their SA. Each category of the measurement method has its benefits and drawbacks, which is why Uhlarik argues for the use of multiple methods to ensure validity of results [20] . This study will therefore use methods from each category to assess SA.
Current explicit SA measures either require subjects to recall specific events after an experiment run is finished or assess SA online, while the experiment is running. A downside of retrospective methods (measuring after the actual run) is that the measurement is only as accurate as the memory of the pilot. That is, in an experiment with long runs, retrospective measurements are subject to forgetfulness and false recollections. Online methods, on the other hand, can influence the pilot task being performed in the experiment. By having participants attend to particular information on the interface, these measures can cause participants to behave differently than they would otherwise [20] , [23] .
To mitigate the downsides of these methods, each participant in this study will perform two experiments that separate the explicit from the implicit SA measurements. In the main experiment, subjects actively resolve conflict situations in a real-time simulated environment. The results from this experiment will be used to analyze the resolution strategies, performance, and safety metrics. The performance measures will be used as implicit indicators of level of SA. In an additional passive experiment, subjects are presented with static conflict situations, each accompanied with a set of time-limited, multiple-choice SA questions that are centered around Endsley's levels of SA. The resulting measures will be used to compare the display variants in terms of how they influence SA. In a final post experiment questionnaire, pilots are given the opportunity to self-rate their SA. By separating the explicit SA assessment from the active experiment, behavior in the main experiment no longer runs the risk of being directed by particular SA queries, and the explicit measurements are not hampered by the drawbacks of retrospective SA assessments.
IV. EXPERIMENT I: ACTIVE CONFLICT RESOLUTION
To evaluate the coplanar display concept, a traffic separation experiment was performed, where pilots were placed in conflict situations with a loss of separation in the medium-to shortterm future (3-5 min) . Each session consisted of a continuous presentation of four consecutive conflict scenarios that needed to be resolved manually, with the aid of a coplanar separation assistance display. Traffic conflicts were always between a single human actor and simulated conflicting traffic.
A. Apparatus and Aircraft Model
The experiment was performed on the Apero flight simulator of the National Aerospace Laboratory (NLR). The Apero is a fixed-base flight simulator, featuring five high-resolution touch screens, and a large (52 in) screen that provides the outside visual. The left-hand seat, primary display showed a conventional Airbus primary-flight display and the coplanar HSD/VSD display concept. The copilot display was disabled during the experiment. The middle vertical screen showed the electronic centralized aircraft monitor instruments. The touch screens on the pedestal showed several instruments, such as the multifunction control and display units and the radios.
Pilots controlled the aircraft through an Airbus style flight control unit (FCU), which is located on the glareshield above the center touchscreen. An electronic flight instrument system panel situated to left of the FCU allowed pilots to switch between display modes and change the display range. On the pedestal, a trackball was available to select and highlight intruder information on the coplanar display.
The aircraft model that was used during the experiment was a proprietary nonlinear six degree of freedom Airbus A320 model, which was developed at the NLR. Intruder aircraft were modeled by point-mass models [24] . Model coefficients for these pointmass models were obtained from EUROCONTROL's BADA aircraft database [25] . The experiment was conducted with zero wind, and no turbulence. Although wind conditions will impact maneuverability, these effects were considered out of scope for the current evaluation. The own aircraft flew at altitudes between flight level FL220 and flight level FL320. This flight level range was chosen so that airspeed and vertical speed still had usable margins between minimum and maximum operating speed, and between maximum climb and descent rates, respectively.
B. Independent Variables
Throughout the experiment, two independent variables were varied. Display type was a factor with two levels: on the coplanar separation assistance display, the RFAs could be either present or absent (see Fig. 2 ). Here, the display without RFAs was used as a baseline condition. The second factor was conflict geometry, which featured six levels. Scenarios differed in phase of flight, and difficulty. The phase of flight was either climb, cruise, or descent. A further distinction was made between simple and difficult scenarios. Simple conflicts always featured only one intruder, whereas in difficult scenarios, three intruders were present in each scenario. Table I gives a summary of these scenarios.
C. Experiment Design and Procedure
The experiment was designed as a within-subjects repeatedmeasures, where factors display type and conflict geometry were The augmented display gives more precise constraints (called RFAs) that take the dimension orthogonal to the projection into account. The differences on the VSD are similar to the differences on the HSD. The two display conditions are otherwise equal.
TABLE I CONFLICT GEOMETRIES EXPERIMENT I
varied. The display type factor was introduced to illustrate the effect of the additions that the coplanar display concept features compared with the original 2-D separation displays. The conflict geometry factor was divided in phases of flight (climb, cruise, and descent), and subdivided in simple and difficult scenarios. In the simple scenarios, pilots were not expected to benefit substantially from the RFA visualization. Only in more difficult scenarios it was expected that the advantages of the RFA visualization would become noticeable. This resulted in 12 conditions (2 × 3 × 2).
After a briefing on the experiment and the functioning of the separation display, subjects performed approximately 1 h of training. The experimenter would end the training session based on observed performance, and the subject's answers to informal scenario-related questions. To avoid memorizing effects, but still reach a stable level of performance and sufficient understanding of the information presented by the separation assistance interface, separate example scenarios were used for training. During the experiment, conflict scenarios were presented in a randomized block design, and conflict geometries were mirrored between display conditions. Trials were combined in four blocks of four sequential conflict scenarios. Each block started with a climb from flight level FL220 to flight level FL320, at 1000 ft/min, followed by a cruise segment, and then a descent back to flight level FL220, again at 1000 ft/min. Each block featured one conflict in the climb segment, two conflicts in the cruise segment, and one conflict in the descent segment. Starting times were different for each conflict to make it less evident for pilots when to expect each new conflict. A block lasted about 40 min.
The display type factor was kept constant over two blocks: first two blocks with one display, then two blocks with the other. The order of presentation for the display types was varied evenly over the subjects. In all conflict scenarios, multiple options in both the horizontal and vertical plane were available to solve the conflict situation, although not all options were equally fast and efficient. Intruder aircraft never maneuvered in order to solve a conflict situation; instead, they just kept following their initial path.
D. Subjects and Instructions to Subjects
Seventeen experienced glass-cockpit pilots participated in the experiment, all male. Experience in terms of flight hours per pilot ranged from 3000 to 21 000 h (μ = 10 000). None of these subjects had any previous experience with constraint-based displays. Subjects were asked to perform an experiment, where they should resolve traffic conflicts in unmanaged airspace. They were informed that the results would be used to evaluate a concept for a 3-D coplanar separation display. They were also informed that intruder aircraft would not participate in the resolution of conflicts.
In a written guide pilots received beforehand, and in a short presentation prior to the experiment, pilots were briefed on the geometrical concepts behind the display, how to use the display, and on the experimental setup. To ensure safe flight, pilots' first and foremost priority was to avoid a loss of separation at all times. When safety is ensured, pilots could explore their resolution options to optimize for efficiency. They were instructed to use the cues from the forbidden area to determine an efficient solution [18] , and that their aim should be to apply a resolution that is appropriate, given the current phase of flight (i.e., climb, descent, or cruise).
E. Dependent Measures
Dependent measures for this experiment consisted of several objective measures. Resolution strategy was measured in terms of own aircraft velocity vector change dimensions, which could be any combination of a change in heading, speed, and vertical speed. Path deviation, initial reaction time, and resolution duration were used as measures of performance. The path deviation metric differentiates between horizontal and vertical maneuvers: For horizontal maneuvers, the path deviation was characterized by the additional distance flown. In the case of a vertical maneuver during the climb or descent phase, the mean deviation from the prescribed vertical speed was used. For cruise conflicts, the maximum altitude deviation from the cruising level was measured. Pilot reaction time (the time between the start of a conflict and the first selection of a resolution maneuver) and the total time of the resolution maneuver (the time between leaving and rejoining the reference trajectory) were used as metrics that allow for comparison between vertical and horizontal maneuvers. Safety was measured in terms of minimum separation, and the occurrence of losses of separation.
F. Experiment Hypotheses
Several studies involving manual (horizontal) conflict resolutions found that pilots prefer single-axis maneuvers, keeping velocity constant [18] , [26] - [28] . It was therefore hypothesized that the majority of the maneuvers would be either headingonly, or vertical speed-only (H1-1). It was also hypothesized that the resolution dimension would depend on the phase of flight, i.e., climb and descent conflicts would be solved vertically, and cruise conflicts would be solved horizontally (H1-2). Differences between the baseline display and the augmented display were only expected during difficult scenarios (scenarios with multiple intruder aircraft, which are both off-level and offtrack). It was therefore hypothesized that performance would be improved with the augmented display in difficult scenarios (H1-3). Because the RFAs show more precise constraints than the projected forbidden areas, it was also hypothesized that they would result in smaller separation distances at the closest point of approach (CPA) (H1-4), as previous studies showed that the precision with which constraints are presented is used by pilots to optimize their efficiency [18] , [29] . The number of separation violations was hypothesized to be low, regardless of display type (H1-5).
V. EXPERIMENT I: RESULTS
Kolmogorov-Smirnov tests on the ratio data results revealed that for none of the cases a normality assumption could be made (altitude deviations, response times, and resolution times, p < 0.001 in each case). Therefore, only nonparametric tests were used: the Wilcoxon signed-rank test (test statistic z) for metrics based on ratio data that did not depend on the chosen evasive maneuver (e.g., pilot response time), and the Wilcoxon rank sum test (test statistic W ) for all other metrics based on ratio data. Pearson's chi-squared test (test statistic χ 2 ) was used for categorical metrics. Effects were considered significant at a probability level p ≤ 0.05, where p is the probability that the null hypothesis is true.
A. Resolution Strategy
The resolution maneuvers in the experiment can be grouped by the flight parameters that were changed to resolve each conflict. The available maneuver options are heading, speed, and vertical speed (V/S) changes. Although a resolution maneuver can consist of any possible combination of these parameters, speed-only maneuvers were never observed, and three-way combinations were rare. Therefore, Figs. 3 and 4 show resolution strategy divided into five levels: vertical maneuvers (with and without speed), horizontal maneuvers (with and without speed), and combined horizontal and vertical maneuvers. Maneuver selection will depend on conflict geometry, aircraft performance limitations, phase of flight, and personal or airline preference. Fig . 3 shows the maneuver choice for the simple cruise, climb, and descent scenarios. Each of these scenarios featured a conflict with a single intruder. The majority of the maneuvers for the climb and descent scenarios were V/S-only, regardless of display type (82-94%). With one exception, the direction of the change in V/S was always the same: the climb conflict was always solved by increasing the rate of climb, and the descent conflict by decreasing the rate of descent. These choices correspond to the smallest available state change for the current conflict, an efficiency strategy given to the subjects during the briefing. They can, however, also be an indication of a preference for "staying high," to optimize for fuel efficiency.
Although the spread in solution strategy was larger than in the climb and descent scenarios, the majority of the resolutions in the simple cruise scenario was still heading only (baseline display 53%, augmented 65%). As was hypothesized (hypothesis H1-2), phase of flight was an important factor when deciding on a solution strategy. Comparison between the cruise scenario and the vertical scenarios showed a significant difference in resolution decisions (χ 2 (2) = 56.9, p < 0.001). Comparison between displays did not reveal significant effects for simple conflicts. Fig. 4 shows the maneuver choice for the difficult cruise, climb, and descent scenarios. These scenarios each featured multiple intruders, of which only one was causing a conflict with ownship. In these scenarios, intruder aircraft were all offlevel and off-track, making the maneuver space presented on the augmented display significantly different from the presentation on the baseline display. On the baseline display, this resulted in a considerable portion of the SVEs being colored, which increases the perceived severity of the conflict.
In terms of resolution strategy, the difference between the displays is visible in the number of multiaxis resolutions (V/S + SPD, HDG + SPD, or combined), which were used significantly more often with the baseline display: 77% for the baseline display, compared with 43% for the augmented display, for the climb, cruise, and descent scenario combined (χ 2 (1) = 11.8, p = 0.001). Most of these multiaxis resolutions were sequential maneuvers, rather than a single combined maneuver, regardless of display type. In other words, pilots often changed their minds after an initial resolution. The high number of multiaxis resolutions, therefore, does not necessarily refute the hypothesis of single-axis maneuver preference (H1-1), as the initial resolution maneuver often was single axis. It is likely that lack of training plays a large role in this result. The difference between displays in the number of multiaxis resolutions can also be indicative of reduced SA with the baseline display. Based on pilot comments during the experiment, the multiaxis maneuvers can be classified into two categories. For the baseline display, the most often heard comment was that a pilot realized that he had made a wrong initial maneuver. This was either a maneuver that did not resolve the conflict, or a maneuver that resulted in a very inefficient resolution. A second category of maneuvers were from pilots that attempted to increase efficiency, by maneuvering in an additional direction.
Phase of flight also significantly influenced maneuver strategy in the difficult scenarios (χ 2 (2) = 6.3, p = 0.04). The cruise conflict was solved horizontally (32.4%) almost twice as much as vertically (17.6%). Similarly, the climb and descent scenarios were more often solved vertically (39.7%) than horizontally (16.2%).
B. Safety
The separation between aircraft at the CPA, compared with the minimum safe distance, was used as a measure of safety. To allow for comparison between horizontal and vertical separation, each measured value is normalized by their respective separation minimum (5 nmi horizontal, and 1000 ft vertical separation). For each measured CPA, the largest 2 of both normalized separation values was used. Fig. 5 shows a cumulative distribution graph of the normalized CPA values, for the augmented and baseline displays.
The separation minimum was violated in eight out of 272 measured trials, twice with the baseline display, and six times with the augmented display. In all eight cases, this occurred during a premature return to the nominal track, after resolving the conflict. In all cases, the incursion was minimal (all within 10% of the separation minimum, and 6 less than 1%). A common practice that was observed in this, but also in previous experiments with a constraint-based display [18] , [29] , was that after resolving a conflict, pilots are inclined to optimize their performance by returning to their nominal state as soon as possible, in small steps, while staying as close as possible to the edge of the forbidden area. In these situations, a judgment error can easily result in a (small) violation of the separation constraint. The difference between displays in the number of losses of separation was not significant (χ 2 (1) = 2.1, p = 0.15), but does illustrate that the more restrictive constraints, which were presented by the baseline display, act as an added safety margin for this kind of behavior.
C. Performance
Fig. 5 also shows that, especially with the augmented display, pilots often came within close distance of the protected zone of the other aircraft. With the augmented display, 88% came closer than 1.1 times the separation minimum, versus 48% for the baseline display. In terms of performance, this is a strong indication that pilots use the precise visualization of constraints to optimize the efficiency of their resolution. The difference in CPA distance between displays was significant (z = −7.22, p < 0.001), supporting hypothesis H1-4.
Because a direct comparison between path deviation of a horizontal maneuver and path deviation of a vertical maneuver does not make much sense, results for this performance metric will be divided in horizontal maneuvers and vertical maneuvers. For horizontal maneuvers, the path deviation was characterized by the additional distance flown. In the case of a vertical maneuver during the climb or descent phase, the mean deviation from the prescribed vertical speed was used. For cruise conflicts, the maximum altitude deviation from the cruising level was also measured.
As climb and descent scenarios were mostly solved with a change in vertical speed, the mean deviation from the prescribed vertical speed was used to observe differences in performance between displays for vertical conflicts. Although there is a consistent trend of the augmented display performing better than the baseline display, this difference was only significant in the difficult descent scenario (W = 24, p = 0.024).
There are several possible reasons for the lack of significance in the remaining scenarios. First, because performance penalties of a speed change, a heading change and a vertical speed change are difficult to compare directly, the data can only be compared per maneuver category. This reduces the sample size, and, therefore, also the statistical power. Second, several times during the experiment, it was observed that with the baseline display, pilots readjusted their resolution to a point inside the forbidden area, as soon as they realized that particular state change was sufficient for conflict resolution. Although initially this resolution is only visualized with the RFAs, these solutions are also indirectly visualized during the state change. The color of the forbidden area communicates the urgency of a conflict, where a white forbidden area indicates a nonconflicting intruder. A pilot can therefore break off a maneuver as soon as the forbidden area turns white. Cruise conflicts were solved 14 times out of 68 with a change in vertical speed. Although the mean deviation from the prescribed vertical speed did not reveal a significant difference, the maximum altitude deviation did differ significantly between display types, where the altitude deviation was always smaller with the augmented display (W = 62, p = 0.029). This is also an indication that pilots exploit the precise constraint visualization to optimize maneuver efficiency [18] .
For horizontal maneuvers, the path deviation did not reveal a significant effect for any of the scenarios. The difficult descent and climb scenarios did show a consistent trend of the augmented display performing better than the baseline display, but contained too few samples to provide sufficient statistical power. Although on average, performance was almost equal between display types for horizontal resolutions of the simple cruise scenario, the spread was much larger for resolutions using the baseline display. Similar to the visualization of the vertical constraints, the horizontal baseline display also indirectly visualizes the constraints of the RFA. The differences in spread indicate that although pilots are able to use this indirect visualization, they do so less consistently than with the augmented display.
Reaction time and resolution duration are measures that can be considered independent of the maneuver dimension, and can, therefore, be used as overall metrics to compare the baseline and augmented displays in simple and difficult conflict scenarios. From these measures, resolution duration is a measure of performance of a maneuver, and reaction time can be used as an indication of the difficulty experienced by pilots. Table II shows the mean reaction times and resolution durations for both displays in the simple and difficult scenarios. As hypothesized (H1-3), both these measures show significant effects of display type for the difficult conflict scenarios, but not for the simple conflict scenarios. For the simple conflict geometries, the two display variants show comparable maneuver constraints. It is therefore not expected that difficulty and resolution performance vary significantly between display types. For difficult scenarios, results for the augmented display show significantly shorter reaction times (z = −2.32, p = 0.021), and significantly shorter resolution durations (z = −2.53, p = 0.012).
VI. EXPERIMENT II: PASSIVE SA ASSESSMENT
In addition to the active conflict resolution task, an SA assessment was conducted to obtain explicit measures of SA. In this experiment, pilots were shown four static conflict scenarios, on both display variants. For each scenario, SA was probed with a timed questionnaire. 
A. Apparatus
The SA assessment was performed on a single computer with a 17 in display. The left half of the screen showed a static version of the coplanar display. Questions and multiple-choice answers were shown on the right half of the screen. A countdown timer indicated remaining time for each question. Pilots could select answers using a regular computer mouse.
B. Independent Variables
Throughout the SA assessment, two independent variables were varied. Display type was a factor with two levels, which were equal to the display variants in the active experiment. The second factor was conflict geometry. Conflicting aircraft could be either on-or off-track, and either on-or off-level, resulting in four levels (2 × 2) (see Table III ).
C. Experiment Design and Procedure
The SA assessment followed immediately after the active experiment. It consisted of a time-limited SA query. Subjects were shown static conflict scenarios, each accompanied with 13 time-limited multiple-choice questions regarding the geometry of the conflict, and regarding possible resolutions. At the beginning of each new scenario, subjects were given 30 s prior to the first question, to analyze the new conflict situation. During the questions, the coplanar display remained visible, i.e., the screen was not blanked. After the assessment, subjects were asked to fill in a questionnaire form.
Similar to the active experiment, the SA assessment was designed as a within-subjects repeated-measures, where factors display type and conflict geometry were varied. Again, the augmented display was compared against a baseline display, resulting in two levels for the display type factor. The conflict geometry factor had four levels. Scenarios were always with two intruding aircraft, of which only one was causing a conflict with ownship. Conflicting aircraft were either on-or off-track, and either on-or off-level, resulting in four different conflict geometries. Pilots were expected to benefit more from the RFA visualization when conflicting aircraft are increasingly off-track and off-level. This resulted in eight conditions (2 × 4).
D. Subjects and Instructions to Subjects
The same 17 subjects participated in this second experiment. Subjects were asked to study a set of conflict scenarios, and answer a set of geometry and conflict-resolution-related multiplechoice questions. After the assessment, subjects were asked to fill in a form with questions relating to their opinion about several elements of the display. There was also opportunity for personal comments and suggestions.
E. Dependent Measures
Dependent measures for this experiment are related to the SA questions, and a postexperiment questionnaire. The SA questions relate to easily identifiable information, such as relative intruder position and intruder velocity, but some questions also required the subject to use information cues to predict the outcome given the current situation. The questions were categorized using Endsley's levels of awareness [21] . The subject's certainty of his answer was recorded together with the answers, following Hunt's method of measuring knowledge [30] . Using this method, the answers from the SA assessment are graded, and categorized into four groups (see Table IV ). The resulting scores were averaged per pilot per level, resulting in three average SA scores per condition, for each pilot. The response time was also recorded for each answer.
The work-domain analysis that preceded the display design identifies relevant elements and relationships within the work domain, which are arranged by level of abstraction [1] , [17] . Consequently, relevant SA questions can also be based on this analysis. As a result, level 1 questions relate to conflict geometry (such as intruder location and velocity), and level 2 questions relate to principal resolution options (can a speed, vertical speed, or heading change solve the conflict). Level 3 questions require subjects to evaluate different solutions in terms of efficiency, and choose the best of a set of solutions.
Measures from the postexperiment questionnaire consisted of usefulness ratings for several individual elements of the display, and comparisons between the displays in terms of clutter, intuitiveness, SA, and workload.
F. Experiment Hypotheses
Because SA level 1 questions relate to elements that are directly perceivable on both displays, it was hypothesized that the SA score for level 1 questions would be very high, regardless of display type (H2-1). Since the augmented display visualizes more higher level information and relationships, it was also hypothesized that the SA scores between displays would diverge increasingly, with higher SA levels (H2-2). An interaction with scenario was expected for this effect, as the difference between displays becomes increasingly pronounced for scenarios with off-level or off-track intruders (H2-3) .
Results for the response time were expected to show an interaction between scenario and question SA level (H2-4) . Because the augmented display reveals relationships in scenarios that are off-level or off-track, which the baseline display does not show, Table IV ).
questions that relate to this information (i.e., level 3 SA questions) should be quicker to evaluate when using the augmented display.
VII. EXPERIMENT II: RESULTS
Similar to the first experiment, a normality assumption could not be made for any of the ratio data (reaction times, p < 0.05 for all SA levels). A Friedman two-way analysis of variance (test statistic χ 2 ) was therefore used to evaluate main effects of the display factor. The Wilcoxon signed-rank test (test statistic z) was used to evaluate the effect of display per scenario. With a Bonferroni correction of 5 3 for the SA scores, results were considered significant at a probability level p ≤ 0.01. Results with a probability level 0.01 < p ≤ 0.05 were considered marginally significant. Response time results were only analyzed in terms of main effects, resulting in a Bonferroni correction of 2. Here, results were considered significant at a probability level p ≤ 0.025.
A. Situation Awareness Scores
The SA scores from the experiment were grouped using Endsley's three levels of awareness [21] , and are shown in Fig. 6 , for each combination of display type and scenario. These SA scores will depend on conflict geometry and accuracy of the visualization, but also on other factors that influence the buildup of SA, such as attention and workload. As hypothesized (H2-1), the first column in Fig. 6 shows that the majority of the subjects (92-100%) managed to achieve the highest SA score for level 1 questions, regardless of scenario or display. A comparison between display types for SA level one therefore also did not reveal any significant effects, see the first column in Table V. A main effects analysis (see Table V) showed that, as hypothesized (H2-2), display becomes a significant factor for SA scores at awareness levels two and three: As can be seen in Fig. 6 , subjects scored consistently lower with the baseline display. A posthoc analysis revealed that this effect increases when scenarios become increasingly off-level and off-track: Table V shows that the effect of display is only significant for level two and level three scores in the off-level and off-track scenario. This supports hypothesis H2-3, which stated that scenario type would influence SA scores between displays. Fig. 7 illustrates the percentage of correct and sure answers, at each SA level, for the off-track and off-level scenario. According to Hunt, only these answers correspond with usable knowledge [30] . Fig. 7 shows that, although the augmented display scores consistently higher than the baseline display, subjects still could not maintain perfect SA with the augmented display, despite the more accurate visualization. This can be-at least partly-caused by lack of training, combined with the inherent complexity of the separation problem. Fig. 8 shows the response times for the SA questions, averaged per pilot, for each combination of display type and scenario. It can be seen that although a trend in favor of the augmented display is visible in the data, it is markedly less pronounced than the effect observed for the SA score results. A main effects test therefore also did not reveal a significant effect of the display factor (see Table VI ).
The response time results show larger variation between scenarios and SA levels. The response time increases with increasing conflict complexity, as well as with increasing SA level. A main effects test showed that the effect of scenario is significant for all levels of SA (see Table VI ). These results therefore indicate that difficulty is a determining factor for response time, but that the augmented display does not enable subjects to evaluate complex situations more quickly.
C. Postexperiment Questionnaire
The postexperiment questionnaire allowed subjects to give an overall rating of each display in terms of usability, and to express their preference for either display in terms of clutter, intuitiveness, SA, and workload. They were also asked to rate the usefulness of several individual elements of the display. Although the sample size of 17 subjects is too small to obtain reliable results for such subjective data, these results can be used to highlight persistent trends and opinions.
Both in the overall display ratings and the display preference questions, the augmented display scored consistently better than the baseline display. An often-heard comment was that subjects could better relate information between the two displays with the augmented display, than with the baseline display. Aside from preference with regard to clutter, subjects preferred the augmented display almost without exception (94-100%). Preference for the augmented display with regard to clutter was slightly lower (76%). Here, several subjects indicated that they did not prefer either display. One pilot remarked that while the RFAs in the augmented display increase clutter, it was "good clutter." This is consistent with Tufte's views on the use of visual details ("To clarify, add detail") [31] . Most pilots mentioned, although, that some form of decluttering would be essential in high-density traffic situations (i.e., more than the three intruders in the current experiment). In terms of SA, subjects mentioned that the RFAs allowed for a quicker assessment of the consequences of specific resolutions.
When asked to rate the usefulness of individual elements of the display, the majority of the subjects assigned the highest rating to the more conventional intruder symbols. The intruder symbols on the VSD, however, were mostly rated lower than the same symbols on the HSD. This is an indication that even though subjects have a very positive attitude toward the new display, and the novel visualizations, they remain biased toward appreciating familiar functionality.
Most subjects also used the opportunity to give one or more suggestions for future design iterations of the coplanar display concept. A suggestion that was prompted by almost every subject was to add the ability to zoom in on the SVEs (especially on the HSD, where it was smallest in the current simulation). An other repeated suggestion was related to the addition of intent information: subjects indicated that they would appreciate the ability to see where intruders that are climbing or descending would level off, and the consequences of the own aircraft leveling off at a certain altitude. Finally, several subjects were interested to know how the concept would function when all aircraft in a conflict would use such an interface, a setup that has already been investigated in an earlier experiment for purely horizontal maneuvers [18] .
VIII. DISCUSSION
The displays in this study are designed to help a pilot understand the reasoning behind automated decisions, by showing constraints and relationships within the work domain. This work-domain information invariably forms the premise on which automation bases its actions, and is therefore also invaluable to pilots when they need to judge the automation's functioning. Although this experiment did not feature automated conflict resolution, and can therefore not be used to evaluate interaction between human and automation, the pilots' resolution decisions do give insight on how the information on the display is used by pilots, and how it affects their SA.
The objective measures presented in this paper show several trends. An effect that is seen in several other studies was that many resolution maneuvers were single axis. Current results showed, however, that this effect diminished for more difficult scenarios. It can be argued that this was mostly a training issue, as pilot comments during the experiment often indicated that an erroneous initial resolution choice was made. Several pilots also mentioned in the postexperiment questionnaire that more training would be required to be able to understand and properly use the interface. Occasionally, pilots also initiated a multiaxis maneuver "just to see what happens," which can be considered an artifact of volunteer test subjects in an experiment. In some cases, pilots indicated that they made a multiaxis maneuver to improve efficiency. Path deviation measurements, however, showed that this was never the result.
Although difficult scenarios resulted in more multiaxis maneuvers, this effect did depend on display configuration, where multiaxis maneuvers were made more often with the baseline display. Since many of the multiaxis maneuvers were corrections of an erroneous initial single-axis maneuver, this can be an indication that, with the same (limited) level of training, pilots performed better with the augmented display. They made fewer errors, indicating a beneficial effect on traffic awareness of the augmented display.
As hypothesized (H1-2), phase of flight had a significant effect on resolution choice, regardless of scenario difficulty. This preference can be seen as the result of a procedural constraint (i.e., phase of flight) that is however not directly visible on the display. This indicates that pilots can use the presented constraints, and apply them to other rules and procedures. This is classified by Rasmussen as rule-based behavior [32] . Ideally, the interface should support pilots at all levels of cognitive behavior, while not forcing them to control at a higher level than necessary [33] .
A persistent result found in this experiment, and earlier experiments with a constraint-based display, is that after reaching a conflict-free state, the majority of the subjects returned to their original track in several small steps, following the edge of the constraint area as closely as possible [18] , [29] . This behavior can be attributed to showing precise constraints: When maneuver limits are visualized with high precision, human operators will use that precision to maximize their efficiency. As a result, the majority of the CPA's stay within 110% of the separation margin (augmented 88%, baseline 48%). This "hunting" behavior, however, also gives rise to judgment errors, and, consequently, also losses of separation, which occurred eight times in the experiment. Although the incursions were very small, this is still an undesired side effect of showing precise constraints. Another possible influential factor in this behavior relates to the perceived severity of a violation. A minimal incursion of a separation limit will be judged differently than for example a violation of the minimum airspeed limit. As a result, pilots may permit the occasional (minor) loss of separation, in order to increase efficiency.
The experiments in this study compared two displays, where the main difference between the two was the accuracy of the presented constraints. Where the augmented display presented precise constraints, the baseline display was more conservative. Because the color of a forbidden area communicates the state of conflict (white areas indicate nonconflicting intruders), subjects were able to find resolutions with the baseline display that were still inside of the presented constraints. Several subjects who started the experiment with the baseline display sometimes applied this same strategy with the augmented display (searching for solutions within a constraint area). With the RFAs, however, this is never a valid option. This type of mode or strategy confusion can become an issue in comparative experiments, where levels of an independent factor lie very close to each other. This effect should be taken into account for such experiments.
The SA assessment revealed that display becomes a significant factor in complex scenarios, for high-level SA probes. These scenarios consist of off-track and off-level geometry, which reveal the difference between the basic triangular forbidden areas and the RFAs. In these situations, even though the baseline display and the augmented display present the same type of information (horizontal and vertical maneuvering constraints), they differ in the accuracy of that information. Although the extra information that is hidden in the baseline display can still be derived to some extent, this requires additional cognitive work. The fact that response time was not influenced by display type (even though pilots indicated in the postexperiment questionnaire that the RFAs allowed them to quicker assess the consequences of resolution maneuvers), however, indicates that subjects used the presented constraints on both displays in the same way. The differences in SA scores therefore mostly relate to the accuracy of the constraints.
Although the augmented display scores consistently higher than the baseline display, SA scores still drop with higher SA levels. This is in line with a notion put forward by Vicente, who states that ecological interfaces were never intended to be used by untrained operators [34] . Proper training is therefore an important issue for these concepts and their evaluation. The fact that many subjects assigned the highest usefulness ratings to the more classical TCAS symbols can therefore also indicate that they do not fully understand what information is required to perform the new task of conflict resolution, and what this means for the requirements on the visualization of this information. Nevertheless, resolution performance was high, even with insufficiently trained subjects. Because these kinds of displays make several complex relationships directly perceivable, they relieve pilots from cognitive work. This transforms tasks that ordinarily require SA at the projection level to simple tasks of perception and observation, allowing pilots to perform well, despite insufficient training.
In comparison with the baseline display, the augmented display reveals more properties and relations that are inherent to the work domain. In the search for a display that properly supports pilots' SA, the tradeoff will always be between showing more information on the one hand, and maintaining a clear, understandable, and uncluttered display on the other hand. The results in this study show that performance and SA benefit from the improved accuracy of the constraint visualizations, and that pilot behavior is consistent with previous evaluations of constraintbased displays. Together with the preference ratings from the postexperiment questionnaire, these results also give no indication that this increased accuracy forms a problem in terms of display clutter. Nevertheless, future design iterations should continue to focus on the tradeoff between information density and clutter.
IX. CONCLUSION
An experiment was conducted to evaluate a concept for a constraint-based coplanar self-separation display. The display shows performance and traffic constraints on maneuvering, as well as interactions between the two planar projections. A comparison was made between this concept and a baseline display that did not show these interactions, in an active conflict resolution experiment, and a passive SA assessment.
Results showed that although pilots performed well with either display, performance was consistently better with the augmented display: resolutions were more efficient, pilots made fewer errors in their initial resolutions, and SA scores were higher. Similar to previous studies, a preference for single-axis maneuvers was found, although this effect was smaller for difficult scenarios.
A persistent effect observed with this and other constraintbased displays is that pilots use the precision of the constraint visualization to optimize their efficiency. This type of behavior sometimes leads to overoptimization.
